Delta brushes are the hallmark of the EEG of premature infants. They are readily recognisable because of their characteristic appearance and are a key marker of neural maturation. However they are sometimes inconsistently described in the literature making identification of abnormalities challenging. The goal of this review is to provide an overview of research findings on this topic in the last five decades. Firstly, the characteristic features of delta brushes are described, including the developmental trajectory of their incidence and how they are modulated by vigilance state in normal neonates. Secondly, their clinical significance is discussed including how abnormalities in their incidence or appearance indicate particular pathophysiology. We propose that (i) the effect of age and vigilance state on the frequency, amplitude and topography of delta brushes, and (ii) heterogeneity within the cohorts of 'normal' premature infants studied, may explain the very variable descriptions of delta brush characteristics in the literature. By explicitly taking these factors into consideration to explain delta brush variability, the presented summary facilitates the clinical electrodiagnostic and prognostic use of delta brush abnormalities as a biomarker.
Definition and characteristics (Table 1)
The neonatal EEG is strikingly different from the EEG recorded in later infancy; it presents a range of distinctive features which change rapidly with maturation. The hallmark of the premature neonatal EEG is the delta brush; review of their incidence and appearance is an important part of the clinical neurophysiological assessment of hospitalised infants. In this review we will refer to the age of the infants in terms of post-menstrual age (PMA) which is gestational age measured from the time of the last menstrual period + postnatal age (Tsuchida et al., 2013) .
Slow frequency component
Delta brushes are transient patterns characterised by a slow delta wave with superimposed fast activity. The underlying slow activity is up to 1.5 Hz with a lower threshold variously stated as 0.3 Hz (Volpe, 1995; André et al., 2010; Noachtar et al., 1999; Scher, 2006) , 0.5 Hz (D'Allest and André, 2002) or 0.8 Hz (Tharp et al., 1981) . The frequency of the slow activity increases with advancing PMA, but remains within the delta range, reaching 1-2 Hz by 32-34 weeks (D'Allest and André, 2002; André et al., 2010) . The duration of delta brush activity is from 0.5 s to an upper limit of between 1.5 s (Conde et al., 2005) and 5 s from 31 weeks (Radvanyi-Bouvet et al., 1987) . The amplitude of the delta wave ranges from 50 lV to an upper limit of 250-300 lV (Lamblin et al., 1999; André et al., 2010; Tsuchida et al., 2013) and peaks in amplitude at 30-31 weeks (D'Allest and André, 2002) before decreasing with age.
Fast frequency component
The delta wave of a delta brush has a superimposed set of fast frequencies, usually on a steeply ascending slope (Tolonen et al., 2007; Watanabe et al., 1999; Conde et al., 2005; Fig. 1b) . This over-riding fast activity has been heterogeneously quantified as 8-20 Hz (Tharp et al., 1981; Biagioni et al., 1994), 8-22 Hz (Lombroso, 1979 ), 8-25 Hz (Milh et al., 2007 , 10-20 Hz (Scher, 2006; Boylan, 2007) André et al., 2010) or as 'alpha-beta' which implies 8-30 Hz (Hellström-Westas and Rosén, 2010) . The standardised neonatal EEG terminology of the American Clinical Neurophysiology Society (Tsuchida et al., 2013) defines the over-riding fast activity as being 8-12 Hz or 18-22 Hz, but references Lamblin et al.'s (1999) French language paper, which only specifies that the superimposed fast activity is >8 Hz. Spectral decomposition of neonatal EEG bursts reveals a rapid fall-off in power above 24 Hz (Myers et al., 2012) suggesting that frequencies above 24 Hz are not present to a significant extent, although minimal gamma-range frequencies are possible (Milh et al., 2007) . The peak frequency in the delta brush fast activity band increases from 12-14 Hz at 27 weeks, 14-16 Hz at 28-32 weeks (Anderson et al., 1985) , peaking at 16-20 Hz at 32-35 weeks (Niedermeyer, 2005) and falling to 10-15 Hz from 36 weeks (Volpe, 1995; Niedermeyer, 2005) . The frequency of fast activity is also affected by vigilance state: bursts during quiet sleep have a slightly lower peak frequency (Myers et al., 2012) .
The amplitude of the superimposed fast activity is at least 10-20 lV (Lombroso, 1979; Conde et al., 2005) reaching up to 60 lV (Lamblin et al., 1999; André et al., 2010; Scher, 2006) or occasionally 100 lV (Tharp et al., 1981) . Again, amplitude varies according to post-menstrual age; Volpe (1995) observes particularly high voltages at 34-35 weeks.
Incidence
Delta brushes can be present from 24 weeks (Tsuchida et al., 2013; Hahn and Tharp, 2005) but are usually seen from 28-30 weeks (Lamblin et al., 1999; Boylan et al., 2008; Niedermeyer, 2005; Vecchierini et al., 2007) . Their peak incidence is at 32-35 weeks (Boylan et al., 2008; Hahn and Tharp, 2005; Lamblin et al., 1999; D'Allest and André, 2002; André et al., 2010; Hahn and Tharp, 2005) and they disappear between 38 and 42 weeks (Koszer et al., 2006; Hahn and Tharp, 2005; Boylan et al., 2008) . During early prematurity they are more frequent during active than quiet sleep. From 29 to 34 weeks this changes and delta brushes are more frequent, and of higher amplitude, in quiet than active sleep (Goldie et al., 1971; Lombroso, 1979; Watanabe and Iwase, 1972; Scher, 2006; Koszer et al., 2006; Tharp et al., 1981; André et al., 2010) . At later post-menstrual ages (34-42 weeks), although scattered delta brushes may be present during active sleep and wakefulness, quiet sleep is the only state in which they are prominent (Goldie et al., 1971; D'Allest and André, 2002; Niedermeyer, 2005; Statz et al., 1982) . In general, the reduction of delta brush occurrence correlates with the emergence of clear vigilance state differentiation (Colonnese et al., 2010; Mirmiran et al., 2003) , suggesting a relationship between these two developmental features.
Delta brushes can also occur during wakefulness, but have been scarcely reported, probably because premature infants only spend 2-4% of their time in this vigilance state (Curzi-Dascalova et al., 1993) . A single study reports that the frequency of delta brushes during wakefulness is more than during quiet sleep but less than during active sleep until 33 weeks. From 34 to 42 weeks, delta brushes occur during wakefulness as often as during active sleep (Watanabe and Iwase, 1972 ).
Topographical distribution
Several authors have gone beyond assessing overall incidence of delta brushes across post-menstrual age and have described the peak incidence of particular delta brush topographies. Delta brushes are diffuse (Lamblin et al., 1999) or prominent pericentrally between 29-34 weeks (Volpe, 1995; Boylan, 2007) , involving also temporal-occipital regions from 30-34 weeks (D'Allest and André, 2002; Hahn and Tharp, 2005; Arichi et al., 2016; André et al., 2010; Tolonen et al., 2007) (Fig. 1a and b) . From 36 weeks, when delta brushes are starting to reduce overall, the pericentral topography is absent or extremely scarce (Volpe, 1995; Watanabe and Iwase, 1972) . Meanwhile, temporal and occipital delta brushes persist until full-term age (37-42 weeks). Delta brushes in the frontal regions are the least common (Milh et al., 2007; Watanabe and Iwase, 1972; Whitehead et al., 2016) , but occasionally occur up until 36 weeks (Watanabe and Iwase, 1972) (Fig. 2) . Delta brush topographies can have specific frequency characteristics: pericentral delta brushes have a higher mean overriding fast frequency compared to other locations between 27 and 32 weeks (Anderson et al., 1985) .
Only two studies have described differences in delta brush topography between vigilance states (Watanabe and Iwase, 1972; Whitehead et al., 2016) . However, a fuller quantification of their topographic distribution may facilitate the monitoring of neurophysiological mechanisms for brain development (Myers et al., 2012) . Between 31 and 42 weeks, temporal-occipital delta brushes are the most common topography during wakefulness and active sleep while pericentral delta brushes, when present, are mostly seen during quiet sleep Watanabe and Iwase, 1972) . Between 33 and 38 weeks, occipital delta brushes are the type least enhanced by quiet sleep (Watanabe and Iwase, 1972) .
Delta brushes are usually considered as static events; few studies have addressed their propagation dynamics. They have been characterised as occurring asynchronously in homologous areas of the two hemispheres (Hahn and Tharp, 2005) or as local events that have a tendency to spread (Khazipov and Luhmann, 2006) . Spontaneous activity transients (SATs), a term that encompasses delta brushes but also other mixed-frequency activity bursts, appear to propagate from temporal-occipital to frontal areas according to onset times at different EEG derivations (Vanhatalo et al., 2005; Vanhatalo and Kaila, 2010) . Overall, SATs are found to be focal in premature neonates and to develop, towards fullterm age, into a partially synchronous activity that involves both hemispheres (Tolonen et al., 2007) .
Elicited delta brushes
Delta brushes occur spontaneously, but can also be triggered by peripheral sensory stimuli. The topography of stimulated delta brushes has been shown to coarsely relate to stimulus modality. In neonates <35 weeks, visual stimuli elicit occipital delta brushes (Colonnese et al., 2010) and auditory stimuli evoke mid-temporal delta brushes (Chipaux et al., 2013) . At 29-31 weeks, stroking the hand or foot elicits pericentral delta brushes preferentially located at the contralateral mid-central or vertex electrode respectively (Milh et al., 2007) . Preliminary data obtained by our own group using tap stimulation indicate that delta brushes with the same somatotopic pattern can also be seen at 32-33 weeks (Fig. 3) (unpublished). Noxious heel lances can elicit delta brushes at the mid-temporal regions (Fabrizi et al., 2011) from 28 weeks; this activity is replaced by a mature vertex evoked potential between 32 and 35 weeks (Hartley et al., 2016; Fabrizi et al., 2011) .
Clinical significance of delta brushes (Table 2)
Because delta brushes are a prominent feature of the EEG in premature neonates, deviation from their normal developmental trajectory and untimely absence or presence facilitate the recognition of aberrant EEG patterns and is diagnostically and prognostically useful (Table 2) . EEG abnormalities can be separated into acute stage and chronic stage abnormalities.
3.1. Acute-stage abnormality: depressed EEG EEG depression includes attenuated faster activity, as well as decreased continuity, and is often defined as an acute-stage EEG abnormality (Okumura et al., 2002) . After a brain insult, alphabeta rhythms like those in delta brushes are initially reduced. This is followed, in the most abnormal cases, with loss of theta rhythms, leaving only delta waves . Mild EEG depression suggests suboptimal clinical outcome when it lasts for over three weeks and/or is followed by an EEG with an immature appearance considering the neonate's post-menstrual age . Acute-stage EEG abnormalities are seen in 65% of neonates with periventricular leukomalacia and are most specific (less false positives) if seen from postnatal day 5 .
As delta brushes are an abundant feature of normal EEGs in premature neonates, their absence facilitates the recognition of a depressed EEG . A low voltage pattern without delta brushes was found to be associated with major neurological sequelae in 4/5 infants. Conversely, in infants with the same pattern overlaid with some normal features, such as delta brushes, this was not predictive of outcome. For example, while 7/23 neonates had major sequelae, a further 7/23 (i.e. exactly the same proportion) developed normally (Tharp et al., 1981) . There is a trend towards a greater incidence of delta brushes in premature neonates who had normal outcome but this only reached statistical significance in EEGs at 33-34 weeks (Biagioni et al., 1994) . A diminished incidence of delta brushes in neonates with major ultrasound lesions is observed in the first week of life; this reduced occurrence of delta brushes is most marked in neonates born at 31-32 weeks in whom this finding persists until 36 weeks (Conde et al., 2005) . A further study found that in 4/5 neonates with later cognitive impairment, EEG maturation had arrested between 28 and 34 weeks, including absence of the expected increase in delta brushes during this developmental period . The absence of delta brushes in EEGs recorded at 33-34 weeks is seen almost exclusively in infants who died or had abnormal sequelae but typically in combination with other grossly abnormal EEG features (Tharp et al., 1981) . However, when delta brushes are absent at ages at which they are expected, some authors caution against necessarily interpreting this as abnormal (Boylan et al., 2008) .
Chronic-stage abnormality: dysmaturity
EEGs are defined as dysmature if they present patterns which are at least 2 weeks immature for the neonate's post-menstrual age André et al., 2010; Tsuchida et al., 2013; Hahn and Tharp, 2005) and this is considered a chronic-stage EEG abnormality . The number of delta brushes is one of the features used as a benchmark to determine EEG maturity. Normative values for delta brush incidence have been proposed (Lombroso, 1979; Watanabe and Iwase, 1972) to quantify the degree of abnormality . Despite this, some authors argue that dysmaturity is difficult to ascertain in infants <37 weeks because the normal EEG during prematurity is more variable than at full-term age (Tharp, 1990) . Most studies which refer to delta brushes assess absolute number or proportion of bursts containing fast activity. The amplitude of the underlying delta wave (Biagioni et al., 1994; Conde et al., 2005) and the over-riding fast (Biagioni et al., 1994) do not correlate with the presence of major ultrasound lesions or clinical outcome and are therefore not used as markers of maturity.
The presence of prominent delta brushes during quiet and active sleep in term-age neonates is considered 'mildly abnormal' and requires a follow-up EEG (Tharp, 1990) . Persistent EEG dysmaturity in neonates, over serial recordings, is believed to indicate cortical (rather than white matter) injury and correlates with poor cognitive outcome (Lombroso, 1985; Holmes and Lombroso, 1993; Okumura et al., 2002) with a positive correlation between severity of dysmaturity and severity of outcome (Karch et al., 1981; Biagioni et al., 1996) . The presence of severe dysmaturity has a high specificity (93.8%) but a low sensitivity (50%) for mild or severe neurological abnormalities at P12 months (Biagioni et al., 1996) . All five neonates with later cognitive impairment had delta brushes after 39 weeks along with other features of dysmaturity . Using delta brush incidence, alongside three other EEG measures, to assess dysmaturity, 83% of neonates with bronchopulmonary dysplasia associated with a dysmature EEG at 37-42 weeks had a poor outcome, compared to 23% with normal EEGs (Hahn and Tharp, 1990) . On the other hand, EEG dysmaturity has been followed by normal outcome, but in only one study of three subjects (Tharp et al., 1981) . The absence of all chronic-stage abnormalities in neonates born between 25 and 32 weeks is associated with entirely normal (92%) or borderline (6%) mental development (Okumura et al., 2002) .
EEG burst rate peaks at a later age in neonates with hypoxic ischemic encephalopathy (HIE) compared to controls (Ranasinghe et al., 2015) but dysmaturity in full-term neonates with HIE can be associated with normal outcome (Holmes et al., 1982) . Also in neonates with seizures, there is no relationship between EEG dysmaturity and outcome (Fig. 4) , possibly because seizures can induce temporary dysmaturity of the background EEG (Lombroso, 1975) .
Chronic stage abnormality: disorganised EEG
A pathological chronic-stage disorganised EEG presents abnormal morphology of background activities (Okumura et al., 2002) . Deformed cog-shaped delta brushes are the most typical representation of this EEG abnormality (André et al., 2010; Watanabe et al., 1999; Tich et al., 2007; Kidokoro et al., 2006) . They are defined as spindle-like, fast spiky wave bursts in the 13-20 Hz range (Kidokoro et al., 2006; André et al., 2010) , they lack smoothness, their peak to peak amplitude is >400 lV and they have a wider base than normal delta brushes (Tich et al., 2007) . Their presence necessitates follow-up EEGs, in which EEG dysmaturity such as persistent delta brushes or temporal sawtooth waves, will strengthen the preliminary diagnosis of an abnormal maturational process (Tich et al., 2007) .
The disorganised pattern of deformed delta brushes is observed most frequently between postnatal days 6-21 in neonates born at 28-33 weeks . A disorganised EEG is more likely to be associated with normal cognitive development than a dysmature EEG but is closely related to periventricular leukomalacia (Okumura et al., 2002) . In neonates with a disorganised pattern 43-93% have periventricular leukomalacia and develop cerebral palsy according to the severity of the EEG abnormality (Okumura et al., 2002; Okumura et al., 1999; Kidokoro et al., 2006) , particularly if it persists beyond four weeks of postnatal age Watanabe et al., 1999) . The anterior spread of the deformed delta brushes correlates with the degree of periventricular leukomalacia (Kidokoro et al., 2006) . However, 'deformed' delta brushes are also observed in healthy pre-term neonates. In fact in the frontal regions there is no difference in the amount of 'deformed' delta brushes observed between healthy neonates and those with periventricular leukomalacia (Kidokoro et al., 2006) .
The effect of prematurity, alone, on delta brush characteristics
Most authors summarise that there is little or no difference between the EEGs of infants born at term and normal infants grown to term after premature delivery (Volpe, 1995; Tsuchida et al., 2013) , although spectral analysis has shown lower EEG power in theta, alpha and beta bands for the prematurely born, while delta activity was comparable (Scher et al., 1992) . Only one study specifically compared the characteristics of delta brushes in infants born very pre-term without major ultrasound lesions, with those in neonates of the same post-menstrual age who were born later (Conde et al., 2005) . Delta brushes persisted for longer in infants born at <29 weeks and, in addition, the amplitude of the over-riding fast activity was reduced in those born <27 weeks. However, EEGs of neonates born at >29 weeks were no different from those of later-born control infants (Conde et al., 2005) .
Conclusion
Delta brushes are the most well-known feature of the pre-term EEG. However, since the 1970s, there have been discrepancies between authors on key facts such as the age of their peak incidence and their most common topographies in normal neonates. This review highlights concordant findings in normal babies, while briefly summarising where authors differ. The effect of age and vigilance state on the frequency, amplitude and topography of delta brushes may explain their very variable descriptions in the literature. In addition, the wide variety of 'normal' findings in premature babies may arise from studies lacking the long-term follow-up necessary to establish that a baby is truly neurologically and cognitively normal (Biagioni et al., 1994) . The second part of the review describes the clinical relevance of delta brushes. The clinical scenarios are discussed in which appreciation of delta brush abnormalities has been found to be diagnostically and/or prognostically useful. In summary, there is a large literature on delta brushes. Once delta brush variability is taken into consideration, their easy identification and striking abundance in the pre-term period makes them a viable biomarker of acute or chronic neurological impairment.
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